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The growth, surface morphology, and electronic binding states of diamondlike films deposited by
femtosecond laser ablation on Si wafers at 77 K have been studied in order to elucidate the
mechanical properties of this material. Nanoscale buckling has been observed and is found to have
a morphology that exhibits a strong dependence on film thickness. Nanobuckling takes the form of
quasiperiodic discrete pointlike excursions extending over widths of 50–100 nm. This morphology
converts to a regular structure of grooves/ripples with a modulation period of 30–50 nm as the film
thickness increases to 300–600 nm. We find that microhardness is not changed in regions where
nanobuckling is present. Analysis of Raman and x-ray photoelectron spectra XPS demonstrate that
nanobuckling can be attributed to the relaxation of internal stress and to the formation of strong C-Si
covalent bonds at the C-Si interface. XPS spectra show that the C 1s peak is broadened compared
to that found in spectra of films deposited using nanosecond laser ablation. This is found to be
consistent with a composition that includes sp, sp2, and sp3-bonded carbon. The unique composition
of these films suggests that these materials may find application in electromechanical devices.
© 2007 American Institute of Physics. DOI: 10.1063/1.2786708
I. INTRODUCTION
The role of internal stress on buckling and delamination
of thin films deposited on substrates has been the subject of
much interest because of the importance of thin films in in-
dustrial products. For example, buckling without delamina-
tion of thin metallic films deposited on compliant elastomer
substrates can be used to create optical sensors on deform-
able devices.1,2 In another application, enhanced field emis-
sion has been observed in partially detached diamondlike
carbon DLC films.3 It is well known that DLC is an amor-
phous material with a tetrahedral structure, in which nanos-
cale sp2-bonded carbon clusters are embedded in a
sp3-coordinated carbon matrix.4,5 High internal compressive
stresses have been found to be generated in DLC by the
surface implantation of energetic carbon ions during
deposition.6 Relief of this internal stress involves buckling
and the localized separation of the film from the substrate.7,8
On the other hand, DLC films deposited using femtosec-
ond pulsed laser ablation fs-DLC exhibit low stress despite
the fact that carbon ion energies are often in the keV
range.9,10 Low compressive stress in these materials is evi-
dently due to the annealing during high energy ion impact.11
This effect is not observed in DLC films deposited using
nanosecond laser ablation ns-DLC, where the ion energy is
10 eV. This difference may be due, in part, to the rela-
tively low fraction of sp3-bonded carbon in fs-DLC depos-
ited at room temperature 0.4–0.6 compared to that in ns-
DLC 0.7.12 It has been shown that a fs-DLC film
deposited at room temperature possesses a mixture of sp-,
sp2-, and sp3-coordinated carbon.12 Since sp-bonded carbon
chains are linear molecular conductors and have been shown
to be the precursors of nanotubes,13 it is of interest to study
the microstructure and electron bonding states in fs-DLC
films deposited at cryogenic temperatures.
In this work, we report the observation of a nanobuck-
ling structure in fs-DLC deposited on Si. The occurrence and
evolution of this structure have been investigated using
atomic force microscopy AFM analysis as well as by Ra-
man and x-ray photoelectron spectroscopy XPS. The me-
chanical properties of these materials have also been charac-
terized using nanoindentation techniques. These
measurements are shown to reveal insight into the origin of
nanobuckling in DLC materials as well as the role played by
the presence of sp /sp2 clusters.aElectronic mail: a2hu@uwaterloo.ca
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II. EXPERIMENTAL DETAILS
Amorphous carbon thin films were deposited on pol-
ished p-type Si wafers with 100 orientation. Before depo-
sition, the Si wafer was first degreased in an ultrasonic bath
of acetone high-performance liquid chromatography grade,
and then further cleaned by immersion in a 1% HCl solution.
The wafer was then rinsed in nanopure water 18 M. The
Si wafer was cooled to 77 K by liquid nitrogen in a high-
vacuum deposition chamber at a base pressure of 2
10−7 Torr 2.6710−5 Pa evacuated with a turbomo-
lecular pump. During deposition the pressure typically in-
creased to 510−7 Torr. A regenerative Ti:sapphire laser
system =800 nm, pulse duration =120 fs, repetition fre-
quency 500 Hz, incidence angle 45° was employed to ablate
high purity pyrolytic graphite 99.99%. The laser beam was
focused into a spot with a typical size of 100 m by a quartz
lens with a focal length of 160 mm. The fs pulse energy was
1 mJ and the peak laser intensity was 1.11014 W/cm2
corresponding to a fluence of 12.7 J /cm2 at the target sur-
face. Details on the deposition system with the ns laser
source have been reported elsewhere.4,5
Film thickness was monitored in situ by measuring the
UV absorption of the sample during deposition. The final
thickness was measured with a profilometer AMBios XP-2
after deposition. Microstructure was characterized via scan-
ning electron microscopy SEM equipped with a field emis-
sion gun and AFM. The microhardness and reduced elastic
modulus were determined from load-displacement curves
obtained using a Nano Indenter Hysitron apparatus. A
three-sided pyramid Berkovich indenter was used in the ex-
periment.
UV Raman spectra were obtained with a Kimmon
5161R-GS Raman spectrometer using He/Cd laser radiation
at 325 nm UV, 3.8 eV. To avoid excessive heating of the
carbon sample, the laser power was reduced to 4.5 mW. Vi-
sual Raman spectra were measured using a Renishaw micro-
Raman spectrometer with a 0.3–3 mW He-Ne laser at an
excitation wavelength of 632 nm 1.97 eV. For both spec-
trometers the resolution was 1 cm−1. XPS measurements
were carried out using a multitechnique ultrahigh vacuum
imaging XPS microprobe spectrometer Thermo VG Scien-
tific ESCALab 250 with a monochromatic Al K 1486.6 eV
x-ray source. The spectrometer was calibrated by Au 4f7/2
binding energy of 84.0 eV with respect to the Fermi level.
The chamber vacuum level was maintained below 2
10−10 Torr. The constant pass energy was set at 160 eV for
survey scans at 1 eV step and 100 ms per scan. Only one
scan was used to collect the spectra. The pass energy of 20
eV was used for C 1s /O 1s /Si 2p scans, with an energy
resolution of 0.05 eV. The dwell time was 250 ms and three
sweeps were used. Films with 300 nm were used for the
survey scanning and the C 1s line study while a 40 nm thin
film was employed for the Si 2p and O 1s line scanning in
order to focus on binding properties of film-Si substrate in-
terfaces.
III. RESULTS
A. Nanostructure and nanobuckling
Figure 1 shows the nanostructure observed in fs-DLC
films deposited on Si at 77 K as a function of deposition
time. The morphology of films after a 7 min deposition
sample A is shown in Figs. 1a and 1b. Figures 1c and
1d samples B and C, respectively were deposited for 5
and 3 min, respectively. The film thickness for samples A and
C as measured with a profilometer is shown in Fig. 2a. The
sharp step in Fig. 2a occurs along the line where the sub-
strate was masked prior to deposition. Surface roughness
along the straight lines appearing in Figs. 1c and 1d is
recorded in Fig. 2b. These measurements show that surface
buckling develops as the film thickness increases. At a thick-
ness of 300 nm sample C, peeling occurs at intervals of
1.5 m in the form of pointlike buckling sites having di-
mensions of 1 m. The amplitude of height modulation in
these regions is 20 nm. The regions of the film between
the sites of pointlike buckling appear granular, i.e., consist of
a matrix assembled from nanoclusters.
As the thickness increases to 450 nm sample B the
buckling amplitude increases to 60 nm Fig. 2b and sur-
face peeling develops a linear structure with segments ori-
ented approximately perpendicular to each other. The result-
ing ripples can be clearly seen in Fig. 1c. With a further
increase in film thickness to 600 nm Figs. 1a and 1b,
these ripples increase in amplitude and are separated by
100 nm. Each ripple extends over a length of 500
−3000 nm and the pattern, as a whole, is found to cover the
entire surface of the sample. The morphology observed in
fs-DLC samples is quite different from that seen in DLC
films, where partial detachment of films occurs on a scale of
micrometers and there is no substructure in the detached
regions.3,7,8
To explore the origin of nanobuckling in fs-DLC, we
further investigate films with a smaller thickness and exam-
FIG. 1. Color online Morphology of diamondlike carbon films deposited
by fs laser deposition at 77 K. a SEM image of a film with 600 nm
thickness sample A, b AFM micrograph of sample A, c SEM image of
a film with 450 nm thickness sample B, and d SEM image of a film with
300 nm thickness sample C.
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ine the effect of thermal processing on these samples. Fig-
ures 3a and 3b shows the microstructure of a 50 nm thick
film sample D after deposition for 1 min. Figures 3c and
3d are micrographs of thick sample B as initially shown in
Fig. 1c after temperature cycling between 77 and 300 K.
This cycle involved taking a sample deposited at 77 K to 300
K for 1/2 h and keeping it there for 30 min, and then recool-
ing it to 77 K before the final observation at 300 K. The same
rate is employed for warning up and cooling down. This
cycle was carried out in vacuum in order to avoid the influ-
ence of moisture. Figures 3a and 3b display the buckling
that appears in the 50 nm film, which is representative of the
initial growth stage. The inset in Fig. 3a shows that buck-
ling takes the form of a grouping of discrete dots in some
locations. These subsequently join up to form the stripes that
are evident in Fig. 3b.
Figure 3c shows the micron-scale buckling formed by
thermal cycling in a 300 nm thick fs-DLC film sample E.
The local morphology at one buckling site is shown at higher
magnification in Fig. 3d. This type of buckling also appears
in thick ns-DLC films, and likely originates from thermally
induced stress relief.3,7,8 It is necessary to mention that the
present temperature increasing/decreasing rate is the biggest
value we can employ. With a slower rate, such as a thermal
cycling in 2 h, the microbuckling almost disappears. Hence,
the present results show that nanoscale buckling created dur-
ing deposition and micron-scale buckling generated by ther-
mal stress can coexist in fs-DLC films deposited at cryogenic
temperatures.
B. Internal stress and nanohardness
Figure 4 shows Raman spectra of two fs-DLC films de-
posited at 77 K recorded with 628 nm excitation. The broad
asymmetric band at 1100−1700 cm−1 corresponds to the
overlapped D and G bands of tetrahedral carbon. The D and
G bands, centered at 1355 cm−1 and 1570 cm−1, respec-
FIG. 2. Color online a Film thickness as measured using a profilometer.
b Surface roughness analysis along the straight lines shown in Figs. 1c
and 1d.
FIG. 3. Color online a SEM image and b AFM micrograph of fs-DLC
films deposited for 1 min with a thickness of 50 nm sample D. c SEM
image of fs-DLC films with of a thickness of 300 nm after thermal process-
ing sample E. d A magnified SEM image corresponding to a point lo-
cated on a buckling branch as indicated in c. The white arrow points to the
position observed in a high resolution.
FIG. 4. Color online Raman spectra recorded at 632 nm for fs-DLC films.
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tively, arise from the stretching and breathing modes of
sp2-bonded carbon.14 As a result, the relative concentration
of sp3-bonded species can be estimated by deconvolving the
D /G band into the two components.4,5,14 Such an analysis
shows that the fraction of sp3-bonded carbon in these mate-
rials is 0.55.12 As the D /G band is sensitive to internal
stress and shifts to higher frequency with increasing stress,
the Raman spectrum can be used to map this effect.15,16
Spectra in Fig. 4 then show that the D /G band of fs-DLC is
independent of thickness, indicating that both internal stress
and the concentration of sp3-bonded carbon are not functions
of film thickness.
Figure 5 demonstrates three loading-displacement curves
measured at different positions of sample E by a nanoin-
denter with a 5 N force. The plot designated as “mi-
crobuckling” is obtained at a peak of the microbuckling pat-
tern. The “nanobuckling” plot was measured in the valley of
the microbuckling pattern, but on top of a nanobuckling fea-
ture. The “valley” line corresponds to a measured point at a
point on the surface without any buckling. Values of the
nanohardness, reduced elastic modulus, and contact stiffness
can be obtained by fits to free-load drawback curves.17 By
fitting to the valley curve, a hardness of 16.7 GPa and a
reduced modulus of 177 GPa are found in nonbuckling areas.
These values are slightly lower than those measured for fs-
DLC deposited at room temperature, where the sp3-bonded
carbon fraction is 0.7.11
The curves measured on the top of both microbuckling
and nanobuckling features show unsupported displacements
of 580 and 60 nm, respectively. From the roughness analysis
shown in Fig. 1 it is reasonable to conclude that this initial
free-loading displacement is a consequence of partial detach-
ment of the films from the substrate. The load-displacement
curves have been replotted in the inset in Fig. 5 after removal
of the displacement at a force of 2 N, and it evident that
valley and nanobuckling curves then coincide. This indicates
that the mechanical properties are unchanged in both micro-
and nanobuckling regions. However, microbuckling shows a
slightly larger displacement at a given loading than is seen in
the other two locations. This may signal a higher concentra-
tion of defects in this region, leading to reduced hardness.
C. XPS spectra
To examine the influence of interfaces between the car-
bon film and Si substrate on nanostructure, XPS spectra of
fs-DLC and ns-DLC films deposited at 77 K, both with a
thickness of about 40 nm, are compared in Fig. 6. Figure 6a
shows spectra of fs-DLC and ns-DLC films in the region of
the Si 2p core energy level. Three distinct valence states of
Si are detected, one located at 99.6 eV, the second at 100.2
eV, and the third at 103.6 eV. The peak at 99.6 eV can be
attributed to the Si substrate and 100.2 eV is identified with
the charge neutral covalent state in SiC, while that at 103.6
eV arises from the +4 oxidation state in SiO2.18–22 To obtain
a detailed deconvolution of Si 2p one has to consider the
split of Si 2p and low-shifting of Si 2p by the screening of a
covalent state. However, it is evident that the Si 2p peak of
fs-DLC films is at an intensity approximately twice that of
the peak seen in ns-DLC films. As a result, it is apparent that
SiC is preferentially formed at the C-Si interface in fs-DLC.
FIG. 5. Color online Load-displacement curves measured by a nanoin-
denter at different positions of sample E.
FIG. 6. Color online a. Si 2p core-level XPS spectra for fs-DLC and
ns-DLC samples both 40 nm in thickness deposited at 77 K. b O 1s
core-level binding energy for fs-DLC and ns-DLC samples both 40 nm in
thickness deposited at 77 K.
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The passivating SiO2 layer present on Si is absent in fs-DLC,
but is found in ns-DLC films. This effect can be also seen in
Fig. 6b, which shows spectra of the O 1s core energy level
in fs- and ns-DLC films. The intensity of the O 1s level in
ns-DLC is roughly three times that in fs-DLC, indicating that
a SiO2 layer is attached to the substrate surface in ns-DLC
but has been partially removed in fs-DLC films.
The origin of this SiO2 layer is uncertain since cleaning
in dilute HCl will remove the majority of the original SiO
layer on the Si wafer and inhibit further oxidation by dan-
gling Si bonds with H atoms. However, after deposition at
cryogenic temperatures, ns-DLC graphitizes on a submicron
scale and exhibits an enhanced affinity for oxygen.5 The dif-
fusion of oxygen may then further oxidize the Si surface. As
a similar graphitization does not occur in fs-DLC, this may
account for the presence of SiO2 in ns-DLC and not in fs-
DLC, which only shows a preferential SiC layer. It is also
possible that the high energy ions in fs ablation can remove
any residual SiO2 at the Si surface. This model would be
consistent with the observed low abundance of SiO2 in ns-
DLC deposited at room temperature.5 The thickness of the
SiC layer is worth further investigation.
XPS spectra of fs-DLC, ns-DLC, and a highly oriented
pyrolytic graphite HOPG sample in the C 1s region are
shown in Fig. 7. The fs-DLC and ns-DLC films were both
deposited at 77 K with a thickness of 300 nm. In these spec-
tra, the C 1s peak in fs-DLC has a full width at half height
FWHH of 1.9 eV while the FWHH in ns-DLC is 1.5 eV.
The C 1s peak in HOPG has a FWHH of 0.7 eV. Deconvo-
lution of the broad C 1s core-level peak into sp2-bonded
carbon at 284.4 eV and sp3-bonded carbon at 285.2 eV
components in ns-DLC can be used to show that the sp2
content in these films is 0.68.4,23,24 The C 1s peak of carbyne
sp-bonded carbon chains is found at 283.5 eV, a lower
level.25,26 Hence, the broad C 1s peak in fs-DLC, which in-
cludes an additional component near 284 eV, indicates that
these films contain sp-bonded as well as sp2- and sp3-bonded
species. Based on a mixture of sp1283.5 eV-,
sp2284.4 eV-, and sp3285.2 eV-bonded components, a
deconvolution of C 1s line of fs-DLC is shown in the inset to
Fig. 7. The concentrations of three bonded carbons in cryo-
genic fs-DLC are obtained as 0.05sp1, 0.4sp2, and
0.55sp3, consistent with the quantitative analysis of UV-vis
Raman spectra, which has a slightly higher sp3 content 0.51
in fs-DLC deposited in room temperature.12
IV. DISCUSSION
It is well established that buckling originates in response
to stress relief and that the resulting profile of the surface is
governed by the distribution of internal stress. These quanti-
ties reflect the value of Young’s modulus as well as the ad-
hesion energy at the film-substrate interface.7,8,27 Further-
more, enhanced bonding between the film and substrate in
fs-DLC is evident from XPS spectra, which show the forma-
tion of Si–C covalent bonds at the interface. These bonds are
less apparent in the spectra of ns-DLC. As a result, one ex-
pects a higher adhesion energy in fs-DLC than in ns-DLC
films. From Matuda,27 the adhesion energy, Ua, as a function
of buckling width is Ua= c22Ed3 /121−v2L / l2L− l,
where E is Young’s modulus, v is the Poisson ratio, d is the
film thickness, L isthe width of the whole film, c is a con-
stant, and l is the buckling wavelength. Then, as Ua in-
creases, l will generally decrease. This connection between
buckling width and adhesion energy explains why nanobuck-
ling is observed in fs-DLC and not in ns-DLC films. One can
also see that as d increases, l will also increase if Ua is
constant. This correlation is also evident in Fig. 1. Since the
energy of C ions in fs ablation is 1–2 keV, compared to
10 eV in ns-DLC,9,10,28 C ions can directly implant into
the substrate surface, forming covalent Si–C bonds. This
may explain why nanobuckling is absent in ns-DLC films
deposited at cryogenic temperatures.5 Other solutions of the
buckling equation based on a thin shell model predict point-
like, flower shaped, and wavy relief patterns.7,8 This may
account for pointlike and stripelike patterns observed in fs-
DLC, although further analysis of these effects is required
for nanoscale buckled structures.
Surface charging in XPS samples results in shifting of
peaks to higher energy. Hence, the redshift of the C 1s peak
in fs-DLC Fig. 7 cannot be attributed to surface charging.
The presence of sp-bonded carbon chains in fs-DLC would
be in keeping with the shift of the C 1s level to lower energy,
as seen in Fig. 7. Then it can be concluded that fs-DLC films
can be regarded as constituting a novel carbonaceous mate-
rial with mixed sp /sp2 /sp3 bonding. The data discussed here
show that the inclusion of sp-bonded carbon does not dra-
matically modify the mechanical properties of DLC. How-
ever, unlike semiconducting/insulating ns-DLC, the present
fs-DLC films are conducting. Due to the enhanced stability
of sp-bonded carbon chains in the present composition we
assume they are terminated by graphite clusters.29 Because
sp-bonded carbon chains are molecular conductors, the con-
ductivity of fs-DLC films can be enhanced by a percolation
network, i.e., bridging sp2 clusters by sp-bonded carbon
chains although the sp1 concentration is still low. The micro-
structure and mechanical properties of nanobuckled fs-DLC
FIG. 7. Color online XPS spectra for the C 1s core-level binding energy
for fs-DLC 300 nm in thickness, ns-DLC 300 nm in thickness, and
HOPG samples.
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films then make this material a promising candidate for field
emission sources or as an element in electromechanical de-
vices since the buckling significantly changes the transport-
ing properties.1–3 A special application is a pressure sensor
sampling a nanoscopic displacement. Due to the high hard-
ness of nanobuckling of fs-DLC, such a sensor is expected to
work on a high pressure range than that of microbuckling
metallic films on elastomer substrates.
V. CONCLUSIONS
The presence of microstructure and nanobuckling in fs-
DLC films deposited at 77 K has been investigated. A
nanobuckling structure has been found to be a function of
film thickness and is shown to arise from enhanced film-
substrate adhesion energy. This occurs as the result of the
formation of C–Si covalent bonds as high energy C ions
impact on the Si surface during the initial stages of deposi-
tion. Our analysis indicates that these materials have mixed
sp /sp2 /sp3 bonding. This may make these materials of inter-
est in applications.
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